Three-dimensional time-dependent numerical calculations are performed in a cubic cell filled with a binary mixture of water (90%) and isopropanol (10%). The system is heated from above while the Soret coe‰cient ðS T Þ is negative, i.e., a thermally stable Rayleigh-Benard configuration. Due to the Soret e¤ect, the heavier liquid is accumulated on the top of the lighter one and buoyant convection can be initiated. We report the numerical value of critical solutal Rayleigh number Ra s Q16200 at which motion starts in a cubic cell.
Introduction
Molecular di¤usion occurs when a concentration gradient exists in a mixture: there is a net mass flux that tends to decrease the magnitude of this concentration gradient. Thermal di¤usion (or Soret e¤ect) is a molecular transport of substance related to a thermal gradient. The Soret coe‰cient S T ¼ D T =D measures the component separation in a mixture subjected to a temperature di¤erence.
This e¤ect is usually weak but can be quite important in nature and in some technological processes. A particular example is thermohaline convection in oceans driven by salinity gradients associated with temperature di¤erences [1] . The thermal di¤usion caused by the geothermal gradient in petroleum reservoirs may lead to the additional convective currents in the gravity field, which a¤ect the composition of crude oil [2] .
Heat transfer within a single fluid (conduction or convection) is characterized by the Rayleigh number
This combination of parameters is not enough for the description of mixtures with Soret e¤ect. For the binary mixtures in the Rayleigh-Benard (RB) configuration, the threshold condition might be characterized by the solutal Rayleigh number
where Le ¼ D=a is the Lewis number. Here D is the molecular di¤usion coefficient and a is the thermal di¤usivity. The influence of thermal di¤usion on convection in a binary mixture is quantified by the separation ratio
which is the ratio of the concentration-induced density gradient to the temperature-induced density gradient in the quiescent state. Externally, c is controlled by varying the mean temperature and the initial concentration of the mixture. In binary mixtures, one can distinguish positive Soret e¤ect, when the lighter (heavier) component is driven toward the hot (cold) side, and negative Soret e¤ect, when the situation is opposite. For the isopropanolwater mixture, both values, thermal expansion b T and solutal expansion b C , are positive,
thus the sign of the separation ratio c coincides with the sign of the Soret coe‰cient S T . Here C 0 is the mass fraction of the heavy component (water). Choosing the lighter component as the reference would change the sign of b C and the sign of S T as well. Consequently, the sign of c will be unchanged. Hence the physics of the phenomena is independent of the reference component.
The critical Rayleigh number for the onset of RB convection (heating from below, perfectly isothermic plates) in an infinite layer of a single liquid (as well as for a binary mixture with c ¼ 0) is Ra 0 ¼ 1708. Considering binary mixture with positive c reveals a strong decrease of this threshold value down to Ra 0 s ¼ 720 for impermeable walls, see [3] where it was shown for the first time. Choosing a mixture with large ratio jc=Lej, one may study Soret driven convection at Rayleigh numbers well below the critical threshold for single-component fluid. The convection with variable period of oscillations can be observed in binary mixture with negative separation ratio while heating from above. Using linear stability analysis (LSA), Shliomis and Souhar [4] predicted finite amplitude convective oscillations for both cases: (a) heating from above while c < 0 and (b) heating from below while c > 0. However, LSA and nonlinear analysis by Ryskin et al. [5, 6] have shown that the stationary instability in the case of heating from above and c < 0 is very di¤erent from that obtained by heating from below with c > 0. The convective oscillations with damping amplitude were experimentally observed in colloidal suspensions [7, 8] , in polymer solutions [9] , and in water-ethanol mixture [10] in the case of heating from above and c < 0.
We are focused on the studying of convection in a binary mixture with negative Soret e¤ect ðc < 0Þ in a finite size system (cube) while the fluid is heated from above, i.e., thermally stable Rayleigh-Benard configuration. In two recent publications [11, 12] , we have presented numerical results of the full nonlinear problem and demonstrated the common features with the previous experimental observations. Spreading of concentration gradients over time from rigid horizontal walls toward the cell center has been studied for comparison with the results of linear stability analysis [4, 5] . We have also shown that oscillatory convection is observed in the mixture even for relatively small value jc=LejQ60 and the system arrives at a stationary nonlinear state after a few damped oscillations as predicted by [5] . In the present paper, we would like to shed some light on the development of 3D flow structure. This knowledge is important as neither the shadow-graph experimental technique nor linear stability analysis allow following the evolution of 3D flow pattern.
Formulation of the problem
Simulations are performed for a water-isopropanol mixture filling a closed cubic cell; see geometry in Figure 1 . The top and bottom walls are kept at constant and di¤erent temperatures, T hot and T cold , so DT ¼ T cold À T hot . All other walls are assumed thermally insulated.
Initially ðt ¼ 0Þ, the cell is filled with a homogeneous mixture with the mass fraction of the heavier component (water) C 0 ¼ 0:9. The parameters of the mixture are given in Table 1 ; the major part was found in ref. [13] . The Soret coe‰cient is the thermodynamic quantity and its value depends on the concentration and temperature of the mixture. The experimental data in the literature for the Soret coe‰cient at C 0 ¼ 0:9 are scattered in the range À10:6 < 10 3 S T < À7:63, e.g., see [14, 15] . The estimated value of this coe‰cient at temperature 25 C is used in the present calculations, S T ¼ À9:9 Á 10 À3 . Thus, the parameters used are Pr ¼ 10:85, Le ¼ 6:7 Á 10 À3 , and c ¼ À0:4, hence, jc=Lej Q60.
The dimensionless nonlinear time-dependent momentum, energy, and mass equations in Boussinesq approximation can be written as: Figure 1 Scheme of the experimental setup. The temporal evolution of physical quantities T,C,V is recorded at the points P 1 and P 2 . Table 1 Physical properties of the binary mixture. Here, e ¼ ð0; 0; À1Þ and Ra < 0. The velocity, time, pressure, and temperature scales are, respectively,
The size of the cell L is used as a length scale. The mass fraction is scaled by
Boundary conditions include: no slip condition for the velocity at the rigid walls v ¼ 0; constant temperatures at the top and bottom while heating from above Yðz ¼ 0Þ ¼ 0, Yðz ¼ 1Þ ¼ 1; lateral walls are thermally insulated: q y Yðy ¼ 0; 1Þ ¼ q x Yðx ¼ 0; 1Þ ¼ 0. Absence of mass flux at the impermeable rigid walls gives q n ðc À YÞ ¼ 0. Initial conditions at ðt ¼ 0Þ are:
We use a finite-volume formulation based on an explicit single time step marching method. Convergence and grid independence studies were performed by comparing with benchmark solutions in the case of a pure liquid; see [16] .
Temporal development of convection
At the initial moment, the motionless mixture has uniform concentration over the cell. Once the temperature di¤erence DT is imposed between horizontal walls, a linear temperature profile is quickly established. Due to the negative Soret e¤ect, the heavier liquid slowly gathers near the upper hot wall. As soon as a certain amount of heavier liquid is accumulated on the top of the lighter one, the motion starts. The fluid velocity rapidly grows and mixes the liquid, eliminating thereby the density gradient created by concentration non-uniformity, which drives the Soret convection. Thus the fluid motion damps itself. Over time, the concentration gradient is formed again, but never achieves the same level later in time. The first splash is followed by a few more pulses of the convection, which are not so powerful. The detailed study of this process is presented in [11, 12] .
Here we are focused on the flow dynamics. Several disparate time scales describe the behavior of the system: the viscous time t n ¼ L 2 =nQ70s, the thermal time t th ¼ L 2 =a Q770s, and the di¤usion time t D QL 2 =DQ1:15 Á 10 5 s. The evolution of the vertical velocity with time is presented in Figure 2a for di¤erent Rayleigh numbers ðRa s Þ. One of the notable features of this plot is that velocity changes sign with increasing Rayleigh number Ra s . Another interesting feature is that the induction period, during which liquid remains motionless, is much smaller than the di¤usion time [5] showed that for ferrofluids with large values of separation ratio, e.g., jcj g 1, the critical value drastically diminishes. This phenomenon is attributed to the concentration dynamics. Starting from uniform concentration distribution, convective perturbations grow even at Rayleigh numbers well below the threshold of single-fluid convection. However, approaching this small critical Rayleigh number, the convection pattern develops very slowly and it demands an extremely large observation time. It was shown in [11] that the time of the first flash grows with decreasing solutal Rayleigh number as t P 1:21 Á 10 5 Ra À0:52 s . One may see this tendency in Figure 2 where the time scale is given in minutes. In the parameter space far from critical point, Ra s g Ra cr s , the stability analysis by Ryskin et al. [6] suggested that amplitude is saturated as jV j P Ra this behavior, jV jQ0:132R
1=4
s . This quantitative agreement is remarkable despite the finite size of our system.
Evolution of 3D flow patterns
The directions of the flows identified from simulations at di¤erent Ra s disclose the interesting temporal flow dynamics. At Ra s ¼ 6:5 Á 10 5 , the velocity at point P 1 is positive, V z > 0 (see solid line in Figure 2a) , so the cold lighter liquid piles up at the center and the hot heavy liquid moves down along the walls. The situation is opposite for Ra s a 5:2 Á 10 5 , when the heavier liquid moves down at the center, V z < 0, and the cold lighter liquid moves up along the walls (see all broken lines line in Figure 2a) . We found out that the most visual representation of the flow pattern can be performed through the evolution of the concentration field (the convective mass flux is J c; v ¼Ṽ VC). Just before the setting in motion, the plane surface with constant concentration c 0:45 ¼ c min þ 0:45 Ã ðc max À c min Þ was fixed. Evolution of this isoconcentration surface over time for Ra s ¼ 5:2 Á 10 5 is shown in Figure 3 when at the center line V z < 0 and heavier fluid goes down. The sequence of snapshots for isoconcentration surface at higher Rayleigh number, Ra s ¼ 6:5 Á 10 5 , with opposite flow direction is shown in Figure 4 . In both cases, the flow has a finger (or columnar) structure where the major mass flux is concentrated near the center line. Later in time, this columnar structure is di¤used in the horizontal direction. The final state t > t D is always a 3D nonlinear state. One example of this state is shown by the last plot in Figure 4 when t ¼ t 6 . The observed behavior can be interpreted in terms of competition between the Soret mass flow and the convective one. We attribute the change in the direction of motion to the finite size of the system and to the numerous transitions between flow structures in Rayleigh-Benard convection in a cubic cell.
Complementary study of Rayleigh-Benard convection in a cubic cell
In a cubic cell with a single fluid, the critical value of Rayleigh number is a result of numerical calculations, and this value slightly varies in the literature depending on the numerical method used. The linear stability analysis (LSA) performed by Catton [17] defined Ra 0 cube Q3446, while recent LSA analysis by Puigjaner et al. [18] determined Ra 0 cube Q3389. Pallares et al. [19] considered the appearance of motion at Ra 0 cube Q3500. Because of the intrinsic symmetry of cubical geometry, the convective flow tends to produce state solution with manifold symmetries. Near the threshold, only single roll state with an axis parallel to one of the sides is stable along with a few unstable states. As Ra is increased, some transient flow patterns are stabilized. To the best of our knowledge, only one paper, by Pallares et al. [19] , performed calculations in the similar system, i.e., cube with adiabatic lateral walls and Pr ¼ 10. They identified 7 distinct steady structures at di¤erent, but moderate Rayleigh numbers. Two of them, toroidal structure and four-roll structure, become stable when Ra b 9:8 Á 10 3 , i.e., Ra s Q5:9 Á 10 5 . This value falls in the range of Ra s where the Soret driven flow changes direction in the considered system. The change of the flow direction may be related to the distinct action of secondary motions.
To clarify and verify this stable secondary flow, we also performed a numerical and experimental study of RB convection in a cubic cell with adiabatic side walls for DT ¼ 2:5, i.e., RaQ2:6 Á 10 5 . The results are presented in Figure 5 as a surface of equal velocity, jV j ¼ const. Starting from the conducting state, a few transient patterns are numerically observed. The four-roll structure with each roll parallel and close to one of the vertical walls, shown in Figure 5a , is long lasting. This structure is unstable and is replaced by a single-roll flow pattern approaching the steady-state, shown in Figure 5b . The optical digital interferometry technique, which will be described elsewhere, was used in the laboratory experiments. A sequence of single-roll structures, including diagonally oriented single roll, has been recorded. The single-roll pattern can be oriented along the di¤erent axis. It imposes some requirements on the pattern recognition. Experiments also revealed a single-roll structure as a stable one in steady state. The di¤erent transient behavior in experiments as compared to numerics we attribute to the nearly adiabatic side walls in experiments. Note, that our numerical and experimental results for RB convection are in a good qualitative agreement. The distribution of isolines at the steady state is shown in Figure 6 . This study should be continued to discover coexisting stable secondary motion along with single stable roll.
Conclusions
We have studied an instability that occurs when a mixture with negative Soret e¤ect is heated from above. 3D simulations were performed in a cubic cell filled with a mixture of water (90%) and isopropanol (10%). The value of critical solutal Rayleigh number Ra s Q1:62 Á 10 4 at which motion starts has been determined. It corresponds to a rather small value of classical Ra number, Ra ¼ ðLe=cÞRa s Q27, and it will tend to zero when Le=c f 1, i.e., for colloidal suspensions.
We observed that with the increase of Ra s the convective flow changes its direction. From the appearance of motion at Ra cr s up to Ra s ¼ 5:2 Á 10 5 , the 3D flow pattern is the following: the heavier liquid moves down at the center and the cold lighter liquid moves up along the walls. The motion changes direction by further increasing the Rayleigh number Ra s . The evolution of 3D flow is portrayed via temporal behavior of the concentration field. Due to the Soret e¤ect, the heavier liquid is accumulated on the top of the lighter one, and the buoyant convection is initiated after a long induction period. During the formation of the first flash, which removes the heavier liquid accumulated near the wall, the arising horizontal density gradient is large. The Soret-induced mass flow and the convective one, caused by this gradient, are competitive and, as a result, they may change the direction of motion. Particularly, we attribute this behavior of the flow to the finite size of the system and to the numerous transitions between flow structures in Rayleigh-Benard convection in a cubic cell. A complementary study of Rayleigh-Benard convection has been performed.
